A new method is presented to measure pure gas-adsorption equilibria on porous solids or powders without using a hypothesis on the void volume of the solid adsorbents, such as the non-adsorption of helium hypothesis. The proposed method involves combined volumetric/manometric and dynamic measurements, namely, observations of the frequency of small adiabatic oscillations of the adsorptive gas in equilibrium with the adsorbed phase or adsorbate. The oscillations of the adsorptive gas are initiated by small oscillations of a sphere or a cylinder positioned in a vertical tube above the vessel containing the gas and adsorbents [reversion of experiment by Rüchardt (1929 ), Flammersfeld (1972, Keller (2014) ]. Experiments show that adsorbates have two different phases consisting, respectively, of molecules which are only weakly bound to adsorbent's atoms so that they can participate in the lowfrequency gas oscillations (<10 Hz) and other molecules that are strongly bound to adsorbent's atoms so they are 'stiff', that is, cannot participate in the gas oscillations, with eigenfrequencies being in the range of 10 10 -10 12 Hz. The theory of these measurements will be presented and data of adsorption equilibria of He, N 2 , Ar and CO 2 on activated carbon BAX 1100 and zeolite KÖSTROLITH 4ABFK at near ambient conditions will be given and discussed to a certain extent.
INTRODUCTION
Nowadays, gas-adsorption equilibria are normally determined by either volumetric/manometric or gravimetric measurements using microbalances (Keller and Staudt 2005) . These procedures necessitate the need to introduce an auxiliary hypothesis to determine the amount of mass or moles of gas adsorbed on a given amount of adsorbent. A hypothesis one often assumes is that helium gas at a given pressure and temperature of the system is not adsorbed on the (internal or external) surface of the adsorbent (Dabrowski 1998; Keller et al. 1999; Keller and Staudt 2005; Rouquerol et al. 1999) . However, as it is well-known, helium is adsorbed on all porous adsorbents and powders only in tiny amounts even at ambient temperatures and pressures (Keller and Robens 2003; Keller and Staudt 2005; Lorenz and Wessling 2013; Robens et al. 2014; Rouquerol et al. 2012) .
To demonstrate that helium is adsorbed in small amounts on, for example, zeolite KÖSTROLITH 4ABFK, we present the data file of an adsorption process of helium, which was studied by gravimetric measurements using a Rubotherm magnetic suspension balance. Figure 1 presents the gas pressure (green line), the temperature (red line) and the balance signal (blue line). The curves are presented according to the following condition: the difference between the weight of the adsorbent sample fixed to the suspension balance and the buoyancy force acting on the sample for nearly 24 hours. As can be clearly seen from the blue curve, the apparent weight of the adsorbent sample is increasing over nearly 21 hours, which only can be due to adsorption of helium in the pores of the adsorbent material. The decrease of the apparent weight afterwards could be observed in several experiments but was not exactly reproducible. This decrease probably depends on the activation procedure and is due to desorption of some pre-adsorbed molecules (H 2 O, N 2 , O 2 , CO 2 ), which is initiated by the helium adsorption process.
In this paper, we will present an experimental method to determine gas-adsorption equilibria without using the hypothesis of "non-adsorption of helium." Our study involved oscillometric measurements of eigenfrequencies of a system in which the adsorptive gas phase was in thermodynamic equilibrium with the adsorbate and the solid adsorbent phase. These measurements are then combined with traditional volumetric/manometric measurements or-equivalently-gravimetric measurements (Keller 2014; Robens et al. 2014) .
In the "The Oscillometric-Volumetric Method to Determine Gas Adsorption Equilibria" section, the measurement procedure of the oscillometric-volumetric (OV) method will be described in detail. From these results, the gas adsorbed (i.e. the adsorbate) can be deduced to contain two different phases including strongly and weakly adsorbed molecules, respectively (details are presented in the "A Two-Phase Model for the Adsorbate of Gas-Adsorbent Systems" section).
The mass of all strongly adsorbed molecules can be calculated from experimental data without introducing an additional hypothesis like, for example, the non-adsorption of helium hypothesis, as mentioned earlier. 794 J.U. Keller and M.U. Göbel/Adsorption Science & Technology Vol. 33 No. 9 The mass of all weakly adsorbed molecules-the so-called semi-adsorbate, which turns out to be a dense gas phase near the surface of the adsorbent-can also be calculated from the experimental data obtained after introducing a weak model assumption concerning the bulk volume of the adsorbent and the volume of the semi-adsorbate phase, but avoiding again the use of the non-adsorption of helium hypothesis.
The method will be demonstrated in the "Examples" section by presenting experimental data of adsorption equilibria of helium (He), carbon dioxide (CO 2 ), nitrogen (N 2 ) and argon (Ar) on activated carbon (AC) BAX 1100 and KÖSTROLITH 4ABFK at near ambient pressure and temperature. Data will then be compared with those obtained by the classical volumetric gas expansion method. The comparative analysis revealed that both methods provide nearly the same data, which coincide within the respective uncertainty intervals. However, there is a tendency for oscillometric data to be somewhat larger than purely volumetric data; but this still has to be investigated in depth by performing measurements not only at ambient pressure, but also at higher adsorptive gas pressures.
The OV Method to Determine Gas Adsorption Equilibria
Emil Rüchardt, a German physicist, described in 1929 a new experimental method to determine the adiabatic exponent of gases (ideal or real) by observing small and slow oscillations of a ball or cylinder moving in a glass tube mounted perpendicularly on a vessel filled with the gas in question (Rüchard 1927; Keller 1977; Zemansky 1968) .
This method can be converted or reversed to determine the volume of the gas in the vessel orphysically more important-the mass of the oscillating gas, at known adiabatic exponent and given temperature and pressure. By applying this procedure to vessels partly filled with adsorbent material(s) and adsorptive gas, the mass of the molecules participating in the slow adiabatic oscillations of the gas can be determined. Upon combining this information with the results of ordinary manometric/volumetric gas expansion experiments, one can obtain the sum of the masses of both the adsorptive gas and the adsorbate. From the results of both experiments, that is, oscillometric and manometric measurements, the mass of that part of the adsorbate consisting of all molecules that do not participate in the low-frequency oscillations of the gas can be calculated by using simple algebraic equations without using a void volume hypothesis such as-for example-the non-adsorption of helium hypothesis.
However, as will be shown in the "A Two-Phase Model for the Adsorbate of Gas-Adsorbent Systems" section, there are other molecules of the adsorbate that can participate in the lowfrequency oscillations of the adsorptive gas. These molecules form the so-called semi-adsorbate, the mass and volume of which can be determined from combined OV measurements by introducing a physical model for the bulk volume of the adsorbent, but again avoiding use of the non-adsorption of helium hypothesis (please refer to the "A Two-Phase Model for the Adsorbate of Gas-Adsorbent Systems" section).
Experimental Setup
To describe the OV measurement procedure in more detail, we start by providing the basic schema (Figure 2 ) of the experimental installations used in our preliminary measurements (Keller 2014) .
The experimental setup consists of a gas storage vessel, volume (V SV ), and an adsorption chamber, volume (V AC ), which also can be used as a gas resonator. Both vessels are connected by a tube, which includes an expansion valve. The adsorption chamber is filled with the adsorbent material, and also includes on top a tube whose axis is perpendicular. Inside this chamber is a cylinder made of special material that can oscillate (Figure 3) .
The experimental design is also equipped with appropriate tubing and measurement instruments, thereby allowing for evacuation and gas filling and measuring pressures and temperatures inside the storage and adsorption chambers, respectively. All vessels and tubes should be placed in a thermostat to maintain thermal equilibrium throughout experiments.
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J.U. Keller and M.U. Göbel/Adsorption Science & Technology Vol. 33 No. 9 2015 Measurements of pure gas adsorption equilibria are performed as in normal practice: the expansion valve is closed first, and the storage vessel is evacuated. Then, adsorptive gas is filled inside the storage vessel at a certain pressure (p*) and temperature (T). A certain amount of (activated) adsorbent material (mass, m 3 ) is filled in the adsorption chamber, which then is evacuated to as low remaining gas pressure as possible. Then the expansion valve between both chambers is opened carefully to allow adsorption to occur. After reaching equilibrium, that is, at constant values of gas pressure (p) and temperature (T) in the system, the oscillating cylinder (oscillator) in the tube above the adsorption chamber is slightly adjusted from its equilibrium position and then released to perform small, damped oscillations whose frequency (ν) or angular frequency (ω = 2πν) can be measured, preferentially using laser signals and other optical devices (PHYWE SYSTEME GmbH 2014).
To initiate the small oscillations of the cylinder, Flammersfeld (1972) suggested to provide a small but constant gas flow ( . v, 1/s) to the adsorption chamber of volume (V AC ). Consequently, the pressure in the adsorption chamber is increasing, which lifts the cylinder in the tube above the chamber. Now, imagine a small hole to be provided in the tube at "proper position," that is, located above the cylinder when it starts its ascending motion. However, if the cylinder is high enough, it will release the hole so that adsorptive gas will be discharged via the hole in the tube from the adsorption chamber. Therefore, the gas pressure in the tube drops, which makes the cylinder falling down again, eventually blocking the hole. Thus, the gas pressure in the chamber will increase again. This device allows to observe an arbitrary number of oscillations of the cylinder, thereby considerably reducing the uncertainty of frequency measurements. The design of the oscillator is shown in Figure 3 . A photo of this so-called Flammersfeld tube is shown in Figure 4 .
In laboratory experiments, the additional gas flow (v . ) should always be chosen, so that the inequality (v . /ν) << V AC holds. Otherwise, the frequency (ν) measured will depend on the gas flow (v . ), which should be taken into account in further calculations.
Let us now consider the oscillating motion of the cylinder in more detail. The parameters of the cylinder are as follows: diameter (d) = 2r, height h, cross-sectional area F = πr 2 and mass m. In equilibrium, the cylinder is assumed to be at ordinate position x = 0 (Figure 3 ), which is determined by the following equilibrium condition: where p = p(x) indicates the pressure in the adsorptive gas below the oscillator, P A is the constant pressure of a gas (or the atmosphere) acting from above on the oscillator and g is earth's gravity. By adjusting (deviating) the oscillator somewhat from its equilibrium position (x = 0), it will move according to its equation of motion, which is given as follows:
Oscillometric-Volumetric Measurements of Pure Gas Adsorption Equilibria
with x = x(t) being its coordinate of position (Figure 3 ), F R = -fx · indicating the friction force between the oscillating cylinder and the inner surface of the tube with f > 0 being the friction coefficient of the system. Assuming the adsorptive gas to be ideal and the changes of its state caused by the movement of the oscillator to be adiabatic and reversible (Keller 1977; Kestin and Dorfman 1971) , the gas pressure p = p(x) can be related to the gas volume or the position (x) of the oscillator by the classical adiabatic equation of state
with κ being the adiabatic exponent of the adsorptive gas. The volume (V) of the gas at any position (x) of the oscillator is defined by
For small oscillations (x → 0) , equations (3) and (4) This equation has the solution
with the damping coefficient and angular frequency given in equations (8) and (9) (8)
In equations (7)-(9), A, B are two constants, which have to be determined according to the initial conditions [x 0 = x(t = 0), ẋ0 = ẋ(t = 0)] of the oscillator. The angular frequency (ω) is the
eigenfrequency of the adsorptive gas-oscillator system. It depends on system parameters (m, F, and f), thermophysical properties (κ) and state parameters [p(x = 0), V(x = 0)] of the adsorptive gas in the adsorption chamber, which partly has been filled with the adsorbent material. Actually, the volume V(x = 0) is the volume of all molecules in a gaseous state within the adsorption chamber that can perform the slow, longitudinal oscillations initiated by the oscillating cylinder in the glass bulb. Therefore, we denote it as V(x = 0) = V 0S .
Similar experiments can be performed in the adsorption chamber using adsorptive gas only (i.e. without the adsorbent material). If the provided temperature (T) and pressure [p(x = 0)] are kept constant, the "calibration frequency" (ω 0 ) of the system similar to equation (9) can be obtained. (10) where V AC indicates the volume of the empty adsorption chamber and p = p(x = 0) indicates the gas pressure in it. The oscillator is considered to be at its equilibrium position (x = 0).
Combining equations (9) and (10), we can eliminate the unknown friction coefficient (f) and obtain an expression for the volume (V 0S ) of all molecules in the equilibrium state of the adsorption system, which can participate in the small, adiabatic oscillations initiated by the oscillator (11) From this equation, the mass (m 0S ) of all oscillating molecules in the adsorption vessel can be calculated from the thermal equation of state. Assuming for sake of simplicity the adsorptive gas to be ideal, the following ideal gas equation should hold true:
where R = R*/M (R* = 8.314 J/mol K) indicates the specific and the universal gas constants respectively. Using equations (11) and (12), the following expression can be obtained: (13) where (14) We want to emphasize that in physical terms m 0S is the mass of all molecules of the adsorptive gas, which are able to perform the small and low-frequency longitudinal oscillations initiated by deviating the cylindrical oscillator from its equilibrium position "(x = 0)" in the tube. A more detailed physical interpretation of this mass will be given in the next section.
For this, let us now consider ordinary volumetric/manometric gas-expansion experiments, which can also be performed with the experimental setup presented in Figure 2 . Let the storage vessel with volume V SV at the beginning of the adsorption experiment is filled with adsorptive gas up to pressure (p*). The mass of this (ideal) gas is according to its thermal equation state
After opening the expansion valve between the storage vessel and the adsorption chamber, adsorption occurs and the gas pressure in both chambers approaches its equilibrium value (p). Then, the mass of the remnant gas in the storage chamber is (16) The difference between both masses is given as follows: (17) where m SV is the sum of the masses of adsorptive gas in the adsorption vessel (m f ) and the mass of gas being adsorbed on the outer and inner surfaces of the adsorbent material and on the walls of the adsorption chamber
Let us now try to get more information on both masses m f and m a by combining the volumetric measurement (Δm SV ) with the result of oscillometric measurements, that is, the mass (m os ) defined by equation (13).
A TWO-PHASE MODEL FOR THE ADSORBATE OF GAS-ADSORBENT SYSTEMS
The molecules of the gas flowing from the storage vessel into the adsorption vessel will find themselves in any of the three states as follows after reaching adsorption equilibrium:
1. Adsorptive gas state: The adsorptive gas consists of all molecules being far away from the adsorbent material so that the adhesive surface forces simply can be neglected. All these molecules can participate in the slow, adiabatic oscillations of the oscillator-gas system. 2. Semi-adsorbed state: The set of all gas molecules being near the outer or inner surfaces of the adsorbent but not directly adsorbed on these surfaces form a (static) boundary layer in the sense of hydromechanics. They are basically in a gaseous state and hence able to perform slow, adiabatic oscillations initiated by the cylindrical oscillator. However, as these molecules are within the long-range adhesive forces of the outer or macropore surfaces of the adsorbent, they may form a new quasi-interstitial gas phase whose density and internal pressure may deviate from the corresponding values of the bulk adsorptive gas state considerably. This set of molecules may be called the semi-adsorbate or external adsorbate of the system. 3. Strongly adsorbed state: The set of all former gas molecules, which are strongly bound to atoms or molecules of the adsorbent material due to physical or chemical adsorption, especially in mesopores and micropores form a new phase in the sense of thermodynamics, which may be called strong adsorbate or internal adsorbate of the system. The interaction energies of these molecules with the atoms of the adsorbent are normally in the range of some multiples of the condensation/evaporation energy of the adsorptive gas. Therefore,
eigenfrequencies of longitudinal oscillations of these molecules sticking directly to the surface of the adsorbent are expected to be many orders of magnitude (10 12 -10 14 Hz) above the eigenfrequencies of the oscillator-gas system, which according to our measurements were always small (i.e. <10 Hz).
The overall situation of the gas-adsorbent system is given in Figure 5 , which shows part of the porous surface of the adsorbent and the three types of molecules showing up in our system, namely, strongly adsorbed molecules sticking to the surface (closed circles), semi-adsorbed molecules being near the surface but moving like gas molecules (circles with crosses) and molecules in the bulk adsorptive gas phase (open circles) far away from the surface of the adsorbent.
We now assign the mass, volume, density, pressure and temperature of the three phases mentioned earlier as follows:
Adsorptive gas phase:
Strong adsorbate:
The superscripts and subscripts indicate the following: "f" = fluid or gaseous; "a" = adsorbate, "os" = oscillating; and "nos" = non-oscillating.
Oscillometric measurements provide the mass (m os ) of all molecules that can participate in the small, adiabatic oscillations of the oscillator-gas system in the adsorption chamber [equation (13) Figure 5 . The three phases of a gas-adsorption system: strongly adsorbed molecules sticking to the surface of the adsorbent and having high eigenfrequencies of oscillation (closed circles), weakly or semi-adsorbed molecules forming the boundary layers of the adsorptive gas near the surface of the adsorbent (circles with cross) and molecules in the bulk adsorptive gas (open circles).
Hence, m os is the sum of the mass of the adsorptive gas phase (m f ) and the mass of the semiadsorbate m a os , as its molecules can participate in the adiabatic oscillations:
The result of the volumetric measurements is the mass difference (Δm sv = m sv * -m sv ) defined by equations (15)- (17). It is the total mass provided from the storage vessel to the adsorption chamber. Hence, it is the sum of the mass of the adsorptive gas (m f ) and the total mass (m a ) adsorbed on the adsorbent material [equation (18)].
Hence, we have
with m a being defined by (21) In other words, m a is the sum of masses of all (slowly) oscillating molecules (m a os ) and the mass of all non-oscillating molecules (m a os ), as their eigenfrequencies due to their strong binding to the surface of the adsorbent are much higher than those of the molecules in the oscillator-gas-system.
From equations (19-21), we obtain the following relation:
which in view of equations (13) and (15-17) can be written as (23) Hence, the mass of the strongly adsorbed or "non-oscillating" molecules can be calculated from combined oscillometric (ω 0, ω) and manometric (p*, p) measurements without introducing any further model assumption.
We want to emphasize that the mass m a nos is not the total mass of gas molecules adsorbed on the adsorbent of mass m s but only part of it consisting of those molecules that cannot participate in the low-frequency oscillations of the adsorptive phase due to their high binding energies to the surface of the porous adsorbent material.
The set of all gas molecules being in the field of the external surface forces of the adsorbent material can be considered as the thermodynamic phase. As such, one can always assign a volume (V a os ) and a mass (m a os ) to it. To determine these quantities, we have to introduce a model for the adsorptive gas phase (mass m f , volume V f ) as its limits, as otherwise boundaries to the adsorbate cannot be clearly defined. The concept of the Gibbs dividing surface is not applicable to porous adsorbents and powders with "rough" or fractal-type surfaces.
As a first step, let us consider the volume balance of the adsorption chamber (AC):
where V s indicates the skeleton or solid matrix volume of the adsorbent material including the volume of pores not being accessible by the molecules of the adsorptive gas chosen, and also the volume of all strongly adsorbed molecules being placed-for example-in micropores inside a single pellet of the adsorbent. To provide a physical interpretation of the balance (24), we assume Next, we consider gravimetric measurements of gas adsorption systems. As they normally are considered to lead to the same numerical results as volumetric measurements, both methods are rooted in physically different phenomena, namely gravity and extensivity of matter. In gravimetry, the buoyancy force acting on a porous solid sample and reducing its weight can be formulated in two different ways as can be recognized from Figure 6 .
First, one may consider the adsorbent (V s ) itself to be surrounded by the dense gas-like semi-adsorbate with density . The related buoyancy force is (26) where g is Earth's gravity constant. Second, we can consider the adsorbent (V s ) and the semi-adsorbent V a os as a system being surrounded by the adsorptive gas with density [ρ f (p, T)]. Therefore, the buoyancy force acting on this combined system is (27) Because the semi-adsorbate phase does not add to the weight of the loaded pellet, both equations (26) and (27) which can be rewritten as (29) The aforementioned equations may be complemented by the density relations for the adsorptive gas (30) and for the semi-adsorbate gas phase (31) to form a set of six linearly independent algebraic equations, namely, equations (19) and (21), (24), (25), (29), (30) and (31) to determine the six unknown quantities of the adsorption system, namely (32) The algebraic solution can easily be given as Numerical data of the quantities show that they are normally much larger than their corresponding values for the adsorptive gas phase (ρ, p). Some examples for this are given in the next section.
Let us finally point reader's attention to another physical interpretation of the three fluid phases depicted in Figure 5 : One also may consider the semi-adsorbate-being a dense "boundary layer gas"-to be also a part of the adsorptive phase, which then would consist of the two phases, namely, the bulk phase (m f , V f , p, T) and the boundary layer gas phase .
According to equation (19), the mass of both phases, that is, the mass of the new adsorptive phase, now is (40)
The corresponding adsorbate consists of the strongly adsorbed molecules only. Its mass can be calculated according to equation (21) (41) For the time being, both interpretations included in equations (27, 28, 31) and (40, 41) , respectively, seem to have equal rights as they are fully equivalent from a physical point of view. However, in practice, there may be considerable differences if it comes to interpreting kinetic data of adsorption or desorption processes as they may be gained by precise gravimetric, calorimetric, impedance spectroscopic or even X-ray spectroscopic measurements, which are beyond the scope of this paper. The readers are referred to the work by Keller and Staudt (2005) to know more about these measurements.
EXAMPLES 3.1. Experimental Installation
Oscillometric measurements of gas adsorption equilibria have been performed at near ambient conditions of pressure and temperature using a gas-oscillator manufactured in glass by PHYWE, Cologne and Göttingen, Germany (article number 04368-00; PHYWE SYSTEME GmbH 2014). It mainly consists of a glass bulb acting as an adsorption vessel, which is provided by an inclined glass tube for gas supply and a vertical tube on top of the bulb including a cylindrical oscillator and a small slit that periodically is opened-to allow gas to escape-or closed according to the position of the oscillator in the tube (see the "Experimental Setup" section; Figures 3 and 7) . The volume of the adsorption chamber/glass bulb is V AC = 1130 ml. The cylindrical oscillator has a diameter d = 11.90 ± 0.04 mm, cross-sectional area F = 110.84 mm 2 and mass m = 4.5925 ± 0.0004 g. The inner dimeter of the vertical tube is d i = 12.00 ± 0.01 mm.
Additional volumetric adsorption measurements have been performed using a helium pycnometer POROTEC Pycnomatic ATC and a (somewhat modified) RUBOTHERM magnetic suspension balance allowing simultaneous volumetric and gravimetric measurements (Keller and Staudt 2005) .
Adsorption of He, N 2 , Ar and CO 2 on AC (Westvaco BAX 1100) at Near Ambient Conditions
In this section, we will consider OV measurements of adsorption equilibria of gases near ambient conditions on AC BAX 1100 (Westvaco). We first provide some information and data about the adsorbent material. Then, we will present the measurements and calculation procedure of adsorption equilibria in detail for adsorption of carbon dioxide (CO 2 ) on AC BAX 1100. Finally, we will present in tables and figures all the characteristic data obtained for adsorption equilibria states of He, N 2 , Ar and CO 2 measured by the OV and classical volumetric methods and discuss results to a certain extent.
The AC BAX 1100 is a highly active adsorbent material containing micropores, mesopores and macropores. It often is used in automotive fuel vapour retaining systems for both ordinary fuels and biofuels (Yang 2003; Keller et al. 2014 ).
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J.U. Keller and M.U. Göbel/Adsorption Science & Technology Vol. 33 No. 9 2015 Figure 7. Gas oscillator PHYWE 04368-00 including activated carbon pellets for oscillometric and volumetric measurements. On top, a vertical glass tube with the (red) cylindrical oscillator can be recognized. The inclined tube on the right-hand side of the bulb is used for adsorptive gas supply.
A pore spectrum of BAX 1100 obtained by two independent measurements with a mercury porosimeter (Micromeritics Autopore IV) is given in Figure 8 . It clearly demonstrates that the material contains many macropores and mesopores with varying diameters (2 nm < d < 50 nm). Micropores also have been detected by taking an N 2 /77 K adsorption isotherm (Lange, private communication, 2012) .
The characteristic data of AC BAX 1100 are as follows:
BET surface (77 K): A BET = 1317 m 2 /g Bulk volume of pellets: V S B = 2.82 ml/g Classical helium volume: = 1.79 ml/g Mesopore volume:
V meso = 0.53 ml/g Micropore volume:
v micro = 0.50 ml/g
To reduce and stabilize pre-adsorption, AC cylindrical pellets of diameter 2 mm and length 2-3 mm were heated up to 105 C for 24 hours in an incubator, and then cooled down to ambient temperature in a closed desiccator. Then, appropriate amounts of pellets were added into the glass bulb for oscillometric measurements and to the suspension balance to obtain combined volumetric and gravimetric measurements in vacuum (p < 2 mbar). The gravimetric data obtained indicated that the adsorption equilibria of the AC pellets in the remnant air in the balance was attained after 1-2 hours and that the pre-adsorption amount on the pellets was always nearly the same for different samples.
Thermophysical and experimental data of adsorption equilibria of carbon dioxide (CO 2 , 4.8) on AC BAX 1100 by applying the OV method are as follows: 
Experimental data
Change of gas mass [equation (17)] in the storage vessel due to gas expansion Frequencies of oscillations of cylinder above the adsorption vessel (Figure 7 ) can be calculated using the following measurements: Vessel including CO 2 gas only (calibration measurement) ν 0 = 2.7594 Hz Vessel filled with AC BAX 100, m S = 100.02 g and CO 2 gas ν = 2.003 Hz
Mass of oscillating gas in adsorption vessel [equations (13) and (14) For comparison and calibration, the corresponding value (w v ) obtained by traditional volumetric measurements using the non-adsorption of helium hypothesis is also specified here (43) Differences between numerical values of w and w v and also the relatively large uncertainties of these quantities (Δw = 0.2%, Δw v = 0.1%) are due to slight changes in the adsorbent material and slightly different activation procedures over the measurement period of more than 2 years. Table 1 . As one can immediately see, results of OV measurements and classical volumetric (V) measurements coincide fairly well. Naturally, masses adsorbed per unit mass of adsorbent are fairly small at low pressures and high temperatures. This also holds true for the two different phases of the adsorbate, namely, the strongly adsorbed molecules and the semi-adsorbate, respectively.
The adsorption data given in Table 1 also demonstrate that the non-adsorption of helium hypothesis, although it physically does not hold, seems to be a reasonable model assumption for describing (at least) pure component gas adsorption equilibria states. However, it should be emphasized that the OV-method presented in this paper provides some more physical insight into the nature of adsorbates. It would be desirable to complement this method by calorimetric measurements, which would also show the two-phase character of adsorbates. For the time being, this has to be postponed to future experiments.
To elucidate further, masses of adsorbates per unit mass of AC are presented graphically for both the classical volumetric and oscillometric manometric methods in Figure 9 , which shows masses of gases (He, N 2 , Ar and CO 2 ) adsorbed per unit mass of adsorbent (AC BAX 1100) at ambient conditions. Measurements were obtained by the OV and the classical V-method. Ranges of uncertainties of data have been included graphically. Thus, it can be seen that data ranges for both methods overlap, although OV data have a tendency to be somewhat larger than V-data. OV data for He and Ar show that these gases are only weakly adsorbed on the carbon, whereas OV data for N 2 show that only a tiny amount of molecules is strongly adsorbed (0.05%). However, this is near the observation limit of the oscillometric measurements and should be considered as questionable and only of preliminary value. The OV data for He show that this gas is adsorbed at -2 ) in the semi-adsorbed mode. For comparison, the densities of the adsorptive gas phase (ρ f ) and of the semi-adsorbate phase (ρ a os ) are shown for He, N 2 , Ar and CO 2 in Figure 10 . As one can see, ρ a os is always four to five times larger than ρ f . This is due to the surface atomic forces of the adsorbent material, which can cause attraction of the gas molecules, and hence densify the near-surface gas layer considerably. This effect can be reinforced by the intermolecular forces between the gas molecules as it occurs for carbon dioxide adsorption on the AC BAX 1100. This dense gas phase of volume V a os , which can be termed "semi-adsorbate phase," covers, depending on the nature of the gas and also on graining of the adsorbent material, approximately 50-80% of the bulk volume of the adsorbent V s B , see Table 1 . The residue of (V s B ) is occupied by the skeleton volume of the adsorbent material and the volume of the strongly adsorbed molecules (V s ). However, it should be noted that this interpretation of quantities V a os and V s is based on the model assumption [equation (25)], and also on the two-phase model for adsorbates introduced in the "A Two-Phase Model for the Adsorbate of Gas-Adsorbent Systems." In case of helium as adsorptive gas, the (classical) skeleton volume (V s cHe ) of the adsorbent measured by the nonadsorption of helium hypothesis is different from the volume (V and the model assumption [equation (25)]. This fact still should be discussed in light of further experimental results aimed at adsorption isotherms for helium for different adsorbent materials and high gas pressures.
Adsorption of Gases He, N 2 , Ar and CO 2 on Zeolite KÖSTROLITH 4ABFK and CWK at Near Ambient Conditions
The OV measurements of adsorption equilibria at near ambient conditions also have been obtained for He, N 2 , Ar and CO 2 on a special zeolite KÖSTROLITH 4ABFK (Chemiewerk Bad Köstritz, Germany). First, we will provide some information of the (fairly new) adsorbent material. We then present experimental data and the calculation procedure for determining adsorption equilibria of carbon dioxide (CO 2 ) on KÖSTROLITH 4ABFK at near ambient conditions. Afterwards, we will present in Table 2 and in Figures 12 and 13 all characteristic data of adsorption equilibria of gases He, N 2 , Ar and CO 2 on KÖSTROLITH 4ABFK measured at near ambient conditions and discuss them in brief.
KÖSTROLITH 4ABFK, CWK, is a fairly new microporous material consisting of pure zeolite crystals only, that is, including no binding material or any other additive components. A pore spectrum taken by an Hg porosimeter (Micromeritics Autopore IV, USI) is shown in Figure 11 . As can be seen, the material does have many macropores for molecular transport, but no mesopores. However, it includes micropores with openings of cages of approximately 4 Å diameter. This has been concluded from CO 2 adsorption measurements at ambient conditions, which showed unexpected high loads and fairly slow adsorption kinetics (Table 2) .
There are only few characteristic data of KÖSTROLITH 4ABFK available, namely, Bulk volume of pellets: U. Keller and M.U. Göbel/Adsorption Science & Technology Vol. 33 No. 9 2015 The BET surface (N 2 , 77 K) could not be determined, as experiments so far did not give meaningful and reproducible results. This probably is due to the very slow adsorption kinetics at 77 K, indicating that molecular diffusion of N 2 to and from the 4-Å zeolite cages is slowed down considerably. Approach to equilibrium observed by gravimetric magnetic suspension balance methods took several days and was not finalized even after 1 week.
Pre-adsorption of molecules from ambient air and approach to adsorption equilibrium on KÖSTROLITH 4ABFK pellets posed serious difficulties during experiments. To reduce and stabilize pre-adsorption, the sphere-like AC pellets (diameter 2-3 mm) were heated up to 150 C for 24 hours in an incubator, and then put in a desiccator, which was then evacuated and afterwards filled again with argon gas (Ar, 5.0). The procedure seemingly stabilized and equalized pre-adsorption on the KÖSTROLITH samples. However, adsorption kinetics of gases used (He, N 2 , Ar and CO 2 ) remained very slow even at ambient temperatures and adsorption equilibria were often attained after several days if not weeks.
Thermophysical and experimental data of OV measurements of adsorption equilibria of carbon dioxide (CO 2 , 4.8) on KÖSTROLITH 4ABFK are as follows: 
Adsorptive gas

Experimental data
Change of gas mass [equation (17)] in the storage vessel due to gas expansion is given as follows:
Frequencies of cylinder's oscillations above the adsorption vessel (Figure 7) are obtained by the following measurements:
Vessel including CO 2 gas only (calibration measurement) ν 0 = 2.8385 Hz Vessel filled with KÖSTROLITH 4ABFK, m S = 100 g, and CO 2 gas ν = 2.8241 Hz
Mass of oscillating gas in adsorption vessel, equations (13) and (14) m os = 2.0157 g
Mass of non-oscillating gas (i.e. strongly adsorbed CO 2 ) according to equation (22) Mass of weakly or semi-adsorbed CO 2 according to equation (36) Total mass adsorbed-also equation (21) Specific mass of CO 2 adsorbed on KÖSTROLITH 4ABFK
The corresponding mass ratio obtained from classical volumetric measurements using the nonadsorption of helium hypothesis is 
Volume of adsorbent material as seen by CO 2 molecules, equation (38) These data show that roughly half of the bulk volume of KÖSTROLITH 4ABFK is occupied by the dense gas-like semi-adsorbent phase, the rest being filled by the skeleton of the adsorbent and the strongly adsorbed CO 2 molecules, most of which are probably inside the zeolite cages.
Density and pressure of the semi-adsorbate phase can be calculated from equation (31) and the ideal gas equation is assumed to hold (approximately) for this phase as well (49) which is about two times their corresponding values in the adsorptive gas phase.
Data [equations (47-49)] show that KÖSTROLITH 4ABFK has a fairly high capacity for adsorption of CO 2 even at ambient conditions. However, for industrial applications of this material, many more measurements seem to be necessary, especially those for the kinetics and for thermal effects during the adsorption process. In addition, mixing of the adsorbent with a binding material to improve mechanical stability of pellets and adding a phase change material for storage of heat inside a fixed bed adsorber should be considered in detail.
Many adsorption measurements of helium (He 5.0), nitrogen (N 2 5.0) and argon (Ar 5.0) have been performed using the OV methods. Some results are given in Table 2 and Figures 12 and 13 .
Adsorption data presented in Table 2 for KÖSTROLITH 4ABFK are physically equivalent to those given already in Table 1 (Table 1) . Hence, for macropore adsorption in KÖSTROLITH 4ABFK, the non-adsorption of helium hypothesis seems to be only a rough approximation. However, if micropore adsorption occurs as in case of CO 2 , results of the OV and the V-measurements are nearly identical and the helium hypothesis is working very well.
In Figure 12 , masses of gases (He, N 2 , Ar, and CO 2 ) adsorbed per unit mass of adsorbent KÖSTROLITH 4ABFK at near ambient conditions are shown graphically. Ranges of uncertainties of data have been included by dashed lines. As easily can be seen, data ranges overlap fairly well for both, the OV and the classical volumetric (V)-measurements.
OV data for helium show that this gas is also adsorbed at ambient conditions albeit in tiny amounts, which however are due to large ranges of uncertainty as it might be possible that in our experiments, where we for time reasons did not observe "technical equilibrium states" (Keller and Staudt 2005) , full thermodynamic equilibrium actually was not realized.
In Figure 13 , the densities of the adsorptive gas (ρ f ) and the semi-adsorbate phase (ρ a os ) are sketched for comparison. As easily can be seen, ρ a os = 2ρ f . This densification of the adsorptive gas near the surface of the adsorbent is due to the forces of the surface atoms attracting the gas molecules. However, it should be noted that this densification effect is much weaker than in case of the BAX 1100 where the approximate relation ρ a os = (4-5)ρ f holds (Figure 10 ). The ratio of the volume of the semi-adsorbate phase to the bulk volume of the adsorbent KÖSTROLITH 4ABFK is about V a os /V S B = 0.5, which is much smaller than in case of AC BAX 1100 (Tables 1 and 2 ). This is another indication that at ambient conditions the interaction between solid adsorbent and adsorptive gas(es) for KÖSTROLITH 4ABFK is much weaker than for the AC BAX 1100. 
ADDITIONAL REMARKS
A new method for measuring gas-adsorption-equilibria on porous solids without using the nonadsorption of helium hypothesis has been presented. This so-called OV method requires physical interpretation of data obtained so far to introduce a two-phase model of the adsorbate. This has been described in the "A Two-Phase Model for the Adsorbate of Gas-Adsorbent Systems" section and demonstrated by two examples, namely adsorption of gases He, N 2 , Ar and CO 2 on AC BAX 1100 and zeolite KÖSTROLITH 4ABFK at near ambient conditions, in the "Examples" section.
The two different phases of the adsorbate are formed by "strongly" and "weakly" adsorbed molecules, respectively. The former are sticking to the outer or inner surface of the adsorbent whereas the later are within the gaseous boundary layer above the adsorbent surface so that they are able to follow small and slow (ν ≤ 10 Hz) oscillations initiated in the adsorptive gas phase by a cylinder moving in a vertical glass tube (Rüchardt experiment) . The mass of all strongly adsorbed molecules can be directly determined from OV measurements without any additional model assumption or hypothesis. To determine the mass of all weakly adsorbed molecules, the so-called semi-adsorbate, we have introduced a model for the bulk volume of the adsorbent (V s B ). This is considered to be the sum of the skeleton volume of the adsorbent being loaded with the strongly adsorbed molecules (V S ) and the volume of the semi-adsorbate (V a os )-equation (25). Consequently, both quantities depend not only on the physical nature of the adsorbent material and size of its pellets, but also on the adsorptive gas and-of course-its pressure and temperature.
For now, we have only been able to perform oscillometric measurements at near ambient conditions. Hence, it is highly desirable to extend these measurements to higher adsorptive gas pressure and also to higher/lower temperatures to get oscillometric data of a whole adsorption isotherm. In addition, extension of OV measurements to gas mixtures seems on principle to be possible. For these we could expect that concentrations of components in the strong adsorbate and the semi-adsorbate phases of the gas mixture are different.
One now may ask whether there are other phenomena or effects available, which may support or contradict the physical interpretation of oscillometric gas frequency measurements presented here. Indeed, there is one experiment available that seems to support the adsorption model proposed. It is an acoustic effect in boxes of loud speakers partly filled with carbon pellets.
It is well-known that sound waves emitted by loud speakers placed in small boxes can be intensified considerably by filling the box with AC pellets or fibres. As a result, the acoustic characteristics of these 'filled boxes' become nearly identical to those of loud-speakers with large but only air-containing resonant boxes. This phenomenon can be simply explained by the concept of semi-adsorbates, that is, dense gas layers near the external surfaces of the AC adsorbent filled in the box. Because the mass of air molecules accumulated in these layers-cp. Sect. 3 for numerical examples-is much higher than in empty boxes, the noise amplification factor of the 'filled box' may very well be comparable to that of the 'big box', because for acoustic intensity it is not the volume of the resonant box but rather the mass of oscillating air molecules in it that is the essential and most important parameter (Reichenbach, private communication, 2014) .
